Introduction
============

Long-lasting changes in synaptic strength, which underlie higher cognitive functions such as learning and memory, require ongoing protein synthesis. There is evidence that in neurons protein synthesis occurs not solely in the soma, but also locally in dendrites and axons, contributing to synapse formation and plasticity. This so-called local protein synthesis requires a precise regulation. microRNAs (miRNAs) are an extensive class of small non-coding RNAs that can regulate gene expression at the level of translation by binding to target mRNAs. In the nervous system, miRNAs have been discussed to be implicated in the specification of neuronal cell identity and in the formation and refinement of synapses during development and synaptic plasticity in the adult animal. However, miRNA research in the nervous system is still in its infancy, and detailed mechanisms are just emerging. In this review, we briefly summarize the biogenesis and general function of miRNAs. Then, we will provide an overview of the current knowledge about the action of miRNAs in the nervous system, with a special emphasis on their role in synaptic plasticity and neurological disease.

miRNA biogenesis and mode of action
===================================

miRNAs are endogenous small non-coding RNAs of about 18--24 nucleotides (nt) that are not translated into proteins but function as regulatory molecules. miRNAs bind to the 3'-untranslated region (3'-UTR) of their target mRNAs, thereby modulating gene expression at the post-transcriptional level \[[@b1]\]. Whereas extensive complementarity to the so-called seed region (nucleotides 2--8 of the miRNA) is essential for the recognition of target mRNAs by miRNAs, the 3'-end of the miRNA appears to be less important and may contain mismatches. Due to their mode of action, miRNAs are in a good position to regulate gene expression in a tight spatial and temporal manner. In support of this, recent evidence indicates that miRNAs are involved in a variety of cellular processes, including differentiation, metabolism and apoptosis, as well as cardiogenesis and myogenesis \[[@b3]\].

Most of the miRNAs are transcribed by an RNA polymerase II-dependent mechanism \[[@b8]\], but there are also reports about RNA polymerase III transcribed miRNA genes \[[@b9]\]. Initially, miRNA genes are expressed as long primary transcripts (pri-miRNAs) of several hundred to several thousand nucleotides that contain internal hairpin structures. Within the nucleus, the hairpin structures are cleaved by the type-III RNase Drosha into ∼70 nt stem-loop precursor miRNAs (pre-miRNAs), that display a characteristic 2 nt overhang at the 3' end \[[@b10]\]. This structure is exported to the cytoplasm, where pre-miRNAs are further processed by the type-III RNase Dicer \[[@b13]\]. The product of this cleavage is a ∼21 nt double-stranded miRNA duplex consisting of the functional miRNA and the complementary miRNA\* species. The stepwise processing in different cellular compartments allows a tight spatial and temporal regulation of miRNA expression \[[@b14]\].

After Dicer cleavage, the miRNA:miRNA\* duplex is unwound by a helicase, and usually only one strand of the duplex enters a multi-protein effector complex termed miRNA-containing RNA induced silencing complex (miRISC) \[[@b15]\], whereas the passenger strand is degraded \[[@b16]\]. Once guided to a particular mRNA by the associated miRNA, RISC restricts the expression of the corresponding protein either by translational inhibition or by cleavage of the target transcript \[[@b19]\]. A high degree of sequence complementarity facilitates mRNA cleavage, whereas imperfect base pairing favours translational repression \[[@b1]\]. While cleavage of the target transcript is the prevailing mechanism in plants \[[@b20]\], animal miRNAs silence gene expression primarily by blocking mRNA translation \[[@b2]\]. Interestingly, miRNA-mediated translational repression has also been shown to be reversible \[[@b22]\]. Furthermore, a recent study suggests that miRNAs can even up-regulate translation in cell culture under certain conditions, *i.e.* growth factor deprivation \[[@b24]\]. We refer to a number of excellent reviews for a more detailed description of miRNA biogenesis and regulation \[[@b1]\].

Regulation of miRNA expression
==============================

Non-coding RNAs are abundant in the transcriptome of eukary-otes and also highly regulated in response to environmental cues \[[@b27]\]. Although most human miRNAs are genomically separated, some are located in clusters that are often transcribed coordi-nately as one unit \[[@b28]\]. Non-clustered miRNAs are encoded either within exons or introns of non-coding RNAs or within introns and exonic(intronic locations of protein-coding genes \[[@b29]\]. The expression of the latter is coordinated with the tissue-specific expression of the host gene \[[@b30]\]. Some intronic miRNAs are found in antisense orientation and are transcribed by their own promoter.

Most miRNAs display a tissue- and/or developmental-specific expression pattern, which has been largely attributed to transcrip-tional regulation mediated by gene-specific transcription factors. Recent studies revealed that miRNAs and transcription factors can act as regulators of each other \[[@b31]\]. Remarkably, miRNA expression has recently been shown to be regulated also at the post-transcriptional level \[[@b33]\]. In this study, the authors investigated the processing and distribution of miR-138. They found that pre-miR-138 is ubiquitously expressed, whereas the expression of mature miR-138 is restricted to specific brain regions and the foetal liver. This indicates that miR-138 processing is spatially as well as temporally controlled. The authors proposed that pre-miRNA cleavage by Dicer is blocked by a tissue-specific inhibitor, presumably representing a new form of regulating miRNA expression at the level of precursor processing. Furthermore, primary transcripts of let-7 family miRNAs undergo regulated processing during early embryogenesis. Interestingly, several primary tumours are related to deregulation of miRNA processing at the level of Drosha cleavage \[[@b34]\].

miRNAs as regulators in the developing nervous system
=====================================================

Considering the vast complexity of the vertebrate central nervous system (CNS), it comes as no surprise that the underlying mechanisms that coordinate its development and mature functions have to be tightly regulated. Due to their ability to regulate gene expression in a very specific way, miRNAs are high-ranking candidates to fulfil this task. By cloning and expression profiling approaches, numerous miRNAs have been identified in the brain, some of which play important roles at different stages of development \[[@b35]\]. A study using Dicer mutant zebrafish showed that disruption of miRNA maturation leads to severe defects in the morphogenesis of the brain and other organs \[[@b37]\]. Interestingly, re-introducing miR-430 resulted in rescue of most of the observed defects in brain development. An important role of miRNAs in neural differentiation in mammals was first shown in cell culture \[[@b38]\]. Certain miRNAs including miR-124a and miR-9 were shown to be induced during neurogenesis *in vitro*. Furthermore, overexpres-sion of miR-124a and miR-9 in neural precursors reduced the number of astrocytes, whereas inhibition of miR-9 expression alone or in combination with miR-124a caused a reduction of the number of neurons. *In vivo*, miR-124 was also found to be important for maintaining the neuronal phenotype in the chicken spinal cord \[[@b39]\]. Since miR-124 prevents inappropriate expression of non-neuronal genes, it represents an antagonist of the neuron-restrictive silencing factor/RE-1 silencing transcription factor (NRSF/REST) pathway, which represses neuronal genes in non-neuronal cells \[[@b40]\]. During the transition from neural progenitors to post-mitotic neurons, down-regulation of REST results in increased mir-124 expression, thereby causing degradation of non-neuronal transcripts. Targets of miR-124 include the phos-phatase SCP1, a known anti-neural factor, and PTBP1, a global repressor of neuron-specific alternative splicing in non-neuronal cells \[[@b40]\]. By suppressing the expression levels of these anti-neural factors, mir-124 contributes to the induction and maintenance of neuronal identity.

Synapse development and plasticity in vertebrates
=================================================

In the CNS, billions of neurons form a highly organized network of connections for information exchange. The functional units of these networks are synapses, which represent specialized points of contact between neurons. The precise spatial and temporal formation of synapses between neurons is crucial for the correct function of the CNS. Synapse development is divided into two major phases: synapse formation and synapse maturation. Synapse formation involves axon guidance to a partner neuron, followed by the initial contact between the pre-synaptic and the post-synaptic cell. In the case of excitatory synapses, this contact mainly occurs on dendritic spines, which are specialized protrusions from the dendritic shaft. Importantly, synapse formation per se appears to be independent from neuronal activity. Synapse maturation, on the other hand, involves morphological and molecular remodelling of the pre- and post-synaptic specializations. In contrast to the first phase, synapse maturation is highly influenced by neuronal activity.

In the mature CNS, modifications of individual synapses are assumed to be the molecular basis of learning and memory. To stabilize a nascent memory, modification of synapses is necessary. Important synaptic connections are strengthened and new ones are formed, whereas unimportant ones are weakened and eventually lost. For example, high-frequency stimulation can result in a long-lasting enhancement of activated synapses in excitatory pathways of the hippocampus, a phenomenon known as long-term potentiation (LTP). LTP represents a form of synaptic plasticity important for the formation of long-term memory. Local protein synthesis at the synapse could contribute in an important way to synaptic plasticity, since it might ensure that only activated synapses are strengthened while other synapses of the same neuron are not modified.

miRNAs as regulators in post-mitotic neurons
============================================

A flurry of recent studies have highlighted the importance of the miRNA pathway in various brain regions using inactivation of the Dicer gene. In the cerebellum, loss of the miRNA producing enzyme Dicer resulted in slow Purkinje cell degeneration \[[@b42]\]. A second study revealed that inactivation of Dicer leads to progressive functional and structural degeneration in the retina \[[@b43]\]. Furthermore, Dicer loss in the striatum has also been reported to cause slow neurodegeneration \[[@b32]\]. Interestingly, late inactiva-tion of Dicer in the striatum does not result in neurodegeneration, but nevertheless also leads to behavioural and neuroanatomical phenotypes \[[@b44]\]. Finally, loss of Dicer function in the cortex and hippocampus disrupts cellular and tissue morphogenesis \[[@b45]\]. Together, these results illustrate the significance of Dicer and miRNAs in the CNS and indicate that misregulations of the miRNA biogenesis pathway might contribute to a variety of neurological disorders.

The function of individual miRNAs in post-mitotic neurons is just beginning to emerge. Interestingly, miRNAs are abundantly expressed in the adult brain where they might play a role in synaptic plasticity \[[@b35]\]. One of these miRNAs, miR-132, was identified in a screen for target genes of the activity-dependent transcription factor cAMP response element binding protein (CREB) \[[@b48]\]. CREB-dependent expression is important for neu-ronal morphogenesis, plasticity and survival. Intriguingly, the CREB target miR-132 was shown to be necessary for neuritoge-nesis, the preliminary stage of process outgrowth that precedes synapse formation. Since CREB-dependent transcription is required for neurite outgrowth \[[@b49]\], some of the effects exerted by CREB might be actually mediated by miRNAs. Neuritogenesis is negatively regulated by p250GAP, a GTPase activating protein and the translation of p250GAP in turn is inhibited by miR-132. In summary, neuronal activity and neurotrophins induce miR-132 expression by a CREB-dependent mechanism. Sub -sequently, miR-132 down-regulates p250GAP and thereby facilitates neurite outgrowth. This regulation represents a possible mechanism for activity-dependent miRNA-mediated translational repression in neurons.

*In vivo,* the CREB-dependent regulation of miR-132 expression has been shown to be important for the circadian clock \[[@b50]\]. The circadian rhythm provides an internal timekeeping mechanism in form of a cyclic 24-hr world. It is controlled by the suprachiasmatic nucleus (SCN) \[[@b51]\] and can be altered by light stimulation. Expression of miR-132 is induced by photic entrainment in a CREB-dependent fashion and attenuates the entrainment effects of light \[[@b50]\]. Another brain-specific miRNA, miR-219, modulates the length of the circadian period. Expression of miR-219 is regulated by the clock genes CLOCK and BMAL1, transcription factors involved in the circadian rhythm. *In vivo* knockdown of miR-219 results in a prolonged circadian period. However, the target genes mediating the effects of miR-219 on clock timing and miR-132 on clock entrainment have not been identified so far.

In a recent study, the muscle-specific miR-1 was shown to refine pre- and post-synaptic functions at neuromuscular junctions in *C*. elegans\[[@b52]\]. At neuromuscular junctions a retrograde signal from the muscle inhibits neurotransmitter release from the motor neuron. This signal is induced by the activation of nicotinic acetylcholine receptors (nAChRs) by the transcription factor MEF-2 in the muscle. Interestingly, miR-1 regulates the expression of MEF-2, resulting in an altered presynaptic ACh secretion. In addition, miR-1 also influences the expression level of two nAChR subunits, thereby altering muscle sensitivity to ACh. Consequently, miR-1 seems to couple changes in muscle activity to changes in pre-synaptic function, thereby adjusting the intensity of retrograde signalling.

The modification of synaptic strength and structure is a basic mechanism for encoding and storing memory \[[@b53]\]. Since long-lasting forms of memory require protein synthesis, miRNAs have been hypothesized to be involved in the regulation of synaptic function during memory formation \[[@b54]\]. So far, only two reports have been published suggesting that miRNAs and the RISC pathway are involved in the regulation of synaptic strength in the CNS. In the first study, miRNAs were revealed to be essential regulatory components of memory storage in *Drosophila*\[[@b57]\]. The authors discovered that the RISC pathway component Armitage is degraded at particular synapses upon induction of a long-term memory. This proteasome-mediated degradation of Armitage leads to an increase in CaMKII mRNA transport and local translation at the post-synaptic site. Hence, a stable memory is accompanied by synaptic protein synthesis, which is under degradative control of the RISC pathway. However, this study did not demonstrate a direct involvement of specific miRNAs in local mRNA translation and long-term memory formation.

Almost at the same time, a brain-specific miRNA, miR-134, that regulates the size of dendritic spines was identified \[[@b23]\]. miR-134 is enriched in the synaptodendritic compartment of rat hip-pocampal neurons and binds to the dendritic Limk1 mRNA, thereby controlling its translation. Limk1 is a protein kinase and affects dendritic spine morphology by regulating actin filament dynamics. Interestingly, the miR-134-mediated inhibition of Limk1 translation is relieved upon exposure of neurons to brain-derived neu-rotrophic factor (BDNF), a peptide that is released during synaptic stimulation. Subsequently, Limk1 is synthesized and promotes dendritic spine growth ([Fig. 1](#fig01){ref-type="fig"}). A hallmark of this miRNA-mediated regulation is its reversibility. Depending on the activity status of a given synapse, the regulation can switch between translational inhibition and activation.

![Working model for the role of miRNAs in local dendritic protein synthesis and spine morphology in CNS physiology and disease. Left: Dendritic miRNA recruits the RISC to the dendritic target mRNA, thereby inhibiting protein synthesis and restricting dendritic spine growth under conditions of low synaptic activity. Middle: Synaptic activation triggers release of neurotransmitters and neurotrophic factors, whose binding to the respective receptors leads to an activation of dendritic mRNA translation, presumably *via* post-translational modification (*e.g.* phosphorylation) and subsequent inactivation of inhibitory RISC components. Enhanced synthesis of miRNA-regulated proteins results in dendritic spine growth. Right: In neurologic diseases, binding of the miRNA and(or proteins (*e.g.* FMRP, SMN,...) to the dendritic target mRNA might be impaired, leading to an aberrant regulation of dendritic mRNA translation. The resulting deregulated expression of disease-related proteins (*e.g.* Limk1, MeCP2,...) might contribute to the pathological spine phenotype observed in certain CNS disorders.](jcmm0012-1466-f1){#fig01}

miRNA transport to the dendrite
===============================

A prerequisite for a functional role of miRNAs in synaptodendritic domains is the targeted delivery along the dendrite. However, the targeting and transport of dendritically localized (pre-)miRNAs and the mechanisms underlying these phenomena are completely unknown at present. Currently, three models are conceivable for the transport of miRNAs to the synapse. First, the miRNA might bind to its target mRNA (selected from a large mRNA pool) in the cell body before transport to the synapse \[[@b47]\]. In this case, dendritic targeting elements within the mRNA are assumed to be responsible for the co-delivery of miRNA and mRNA to the den-drite. Second, the miRNA could travel independently of the target mRNA in form of the pre-miRNA before being locally processed in the dendrite \[[@b47]\]. This transport would be based on *cis*-acting targeting sequences within the pre-miRNA. Thus, the mature miRNA would encounter only a limited target field consisting of the dendritic mRNAs. However, one might argue that this mechanism requires the presence of the pre-miRNA processing machinery in the dendrites. Intriguingly, it has been shown that an enzymatically inactive form of Dicer is enriched at post-synaptic densities in mouse neurons. Upon neuronal stimulation, the cryptic form of Dicer is cleaved and thereby presumably activated by a calcium-calpain-dependent mechanism \[[@b55]\]. Third, the transport sequences could also reside within the mature sequence itself. Recently, it was demonstrated that specific miRNAs contain small targeting elements that control their subcellular localization. For example, a hexanucleotide terminal motif acts as a nuclear localization element in case of miR-29b \[[@b58]\]. Thus, one might hypothesize a similar mechanism for the localization of mature dendritic miRNAs. It is likely that the sequence of the miRNA or of its precursor will determine which mechanism is actually used for subcellular localization.

miRNAs in diseases of the nervous system
========================================

Many forms of mental disorders are characterized by alterations in neuronal morphology. Given that miRNAs regulate neuronal morphology at multiple levels, it can be hypothesized that aberrant miRNA function might contribute to such diseases ([Fig. 1](#fig01){ref-type="fig"}). In the final part of this review, we will present several examples of neurologic diseases where preliminary data point to a link to the miRNA pathway.

Tourette\'s syndrome
--------------------

One of the first examples for an implication of miRNAs in human brain disorders is Tourette\'s syndrome (TS), a neuropsychiatric disorder characterized by persistent vocal and motor tics \[[@b59]\]. Slit and Trk-like1 (SLITRK1), a protein important for growth, guidance and branching of neuronal processes, has been discussed as candidate gene for TS. Interestingly, the 3'-UTR of the SLITRK1 mRNA contains a binding site for miR-189. Genetic association analysis revealed a correlation of mutations within the miR-189 binding site in the SLITRK1 gene and the aetiology of the disease \[[@b60]\]. Among a population of unrelated patients suffering from TS, two individuals carried a mutation in the miRNA-binding region, whereas this genetic variation was not found in the control group. The mutation leads to the replacement of one GU wobble base pairing with an AU base pairing, resulting in a stronger interaction of the miRNA with the target mRNA. Since TS is a complex disease, this polymorphism probably represents only one out of several mutations that contribute to the phenotype. Nevertheless, it illustrates the physiological and pathological relevance of miRNA-target mRNA interactions.

Spinal muscular atrophy
-----------------------

Spinal muscular atrophy (SMA) is a heritable neuromuscular disease with an incidence of 1:6000--10,000 and represents the leading genetic cause of death in childhood \[[@b61]\]. SMA affects primarily motoneurons of the anterior horn cells of the spinal cord, thereby leading to progressive muscle paralysis and atrophy \[[@b62]\]. Defects in RNA metabolism seem to underlie the SMA phenotype. The most common form of SMA is caused by mutations in the RNA-binding protein survival of motor neuron 1 (SMN1). SMN1 is a rather ubiquitously expressed protein and found both in the nucleus and the cytoplasm. It is part of a multi-protein complex and plays a role in various cell functions. The SMN complex is implicated in the assembly and transport of different classes of ribonucleoproteins (RNP), including small nucleolar RNPs, telomerase RNPs as well as transcription and pre-mRNA splicing machineries \[[@b63]\]. Interestingly, components of the SMN complex are also found in miRNA containing RNPs \[[@b64]\]. Therefore, it is conceivable that miRNAs are involved in splicing, trafficking or translation of cargo mRNAs associated with the SMN complex. Future studies are necessary to assess the relevance of miRNAs in the context of SMN-dependent activities.

Williams syndrome
-----------------

Interestingly, the miR-134 target Limk1 is one of the candidate genes for Williams Syndrome (WS), providing another putative link between miRNA function and neurological disease. Prevalence estimations for WS account to approximately 1:7500 \[[@b65]\]. WS is a genetic disorder characterized by a visuospatial constructive cognitive deficit, among other impairments \[[@b66]\]. The deleted genomic region in WS is large and comprises several genes. The identity of the gene that is actually responsible for the neurological symptoms of WS is still controversial \[[@b67]\]. Intriguingly, the cellular and behavioural phenotypes observed in Limk1 mutant mice are not dissimilar from those of WS patients \[[@b68]\]. Hence, Limk1 represents one of the primary candidate genes identified so far and it is tempting to speculate that miR-134-dependent Limk1 regulation might also be involved in the disease. Answers could be obtained in the near future, once brain-specific miR-134 knockout mice have been generated.

Rett syndrome
-------------

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder occurring primarily in females, with an incidence of 1:10,000--15,000. This disorder is characterized by developmental stagnation, stereotypical movements, microcephaly, seizures and mental retardation. RTT is caused by mutations in the gene encoding methyl-CpG binding protein 2 (MeCP2) \[[@b69]\]. Both loss of function and gain in MeCP2 dosage result in similar neuropsychi-atric phenotypes \[[@b70]\]. Recently, MeCP2 translation has been shown to be under the control of the brain-enriched miRNA miR-132 \[[@b71]\]. The authors assume that miR-132 binding to the 3'-UTR of the MeCP2 mRNA prevents from deleteriously high MeCP2 levels during development. Consequently, one might hypothesize that a deregulation of MeCP2 translation resulting from aberrant miRNA function contributes to RTT.

Schizophrenia
-------------

First indications have emerged that miRNAs might be involved in the aetiology of schizophrenia. Interestingly, altered miRNA levels have been detected in the prefrontal cortex of post-mortem brains from patients with schizophrenia compared to healthy individuals \[[@b72]\]. Moreover, an SNP-based genetic analysis identified an association of two miRNA loci with schizophrenia \[[@b73]\]. Although further validation of these correlations is necessary, they suggest a connection between miRNAs and schizophrenia.

Strong support for a link between schizophrenia and miRNAs is provided by a recent study \[[@b74]\]. The authors hypothesize that abnormal processing of miRNAs might contribute to the behavioural and neuronal deficits caused by the human 22q11.2 microdeletion, which is associated with a highly increased risk of developing schizophrenia. The 22q11.2 locus includes the gene encoding Dgcr8, which interacts with Drosha, thereby mediating the cleavage of pri-miRNAs to pre-miRNAs. *Dgcr8*^+/−^ mice display an impaired miRNA processing resulting in smaller dendritic spines and reduced dendritic complexity \[[@b74]\]. In addition, the authors showed that the abnormal miRNA biogenesis also affects cognitive and behavioural performance. Based on these findings, it is tempting to speculate that miRNA-dependent regulation of dendritic morphology might contribute to psychiatric disorders such as schizophrenia.

Neurodegenerative diseases
--------------------------

Neurodegenerative disease (ND) is a term referring to a neurological disorder marked by an abundant loss of neurons, such as Alzheimer\'s, Huntington\'s and Parkinson\'s disease. NDs are caused by a combination of environmental and genetic factors. miRNAs are assumed to contribute to the aetiology of NDs, since they seem to be essential for the survival of mature neurons.

### Parkinson\'s disease

The main characteristics of Parkinson\'s disease (PD) are severe mobility problems, tremor and speech impairments. At the cellular level, PD is caused by a gradual death of dopaminergic neurons in the substantia nigra. Interestingly, genetic inactivation of Dicer in specific dopaminergic neurons in mice leads to a gradual loss of neurons, causing a phenotype resembling that of PD \[[@b32]\]. The same phenotype was also observed *in vitro* and a partial rescue could be achieved be re-introducing a small RNA population including miRNAs purified from wild-type cells. This finding indicates that the absence of small RNAs (most likely miRNAs) caused the phenotype, and not the lack of other Dicer-related functions. An expression screen using brains from PD patients and healthy control subjects showed changes in the abundance of several miRNAs, such as miR-133b. In healthy subjects, miR-133b was enriched in the midbrain, whereas miR-133b levels were diminished in patients suffering from PD. Functionally, miR-133b was shown to be implicated in the differentiation of dopamine neurons. In cell culture, overexpression and inhibition of miR-133b resulted in a decrease and increase in the number of dopaminergic neurons, respectively. These results await further validation, however they strongly suggest that miR-133b represents a negative regulator of dopaminergic neuron maturation.

### Alzheimer\'s disease

Alzheimer\'s disease (AD) is a neurologic disease characterized by loss of mental ability and it represents the most common form of dementia. A recent study analysed the correlation between miRNA expression levels and the pathology of AD \[[@b75]\]. It was shown that the brains of patients with different stages of AD have significantly decreased miR-107 levels compared to those of healthy control subjects. Interestingly, the 3\'-UTR of beta-site amyloid precursor protein-cleaving enzyme 1 (BACE1) has been predicted to carry multiple binding sites for miR-107. BACE1 is an endopeptidase that cleaves the β-amyloid precursor protein to generate a neurotoxic peptide \[[@b76]\]. Deregulated BACE1 levels have been discussed to play a role in the pathogenesis of AD and therefore BACE1 is a prime therapeutic target for AD treatment \[[@b77]\]. It was shown that BACE1 mRNA levels increased with decreasing miR-107 levels in the brains of AD patients \[[@b75]\]. Hence, one might conclude an implication of miR-107 in AD progression through regulation of BACE1.

A previous study investigated the expression of 12 miRNAs in AD hippocampus compared to samples from healthy controls and foetal brain \[[@b78]\]. miR-9, miR-124a, miR-125b and miR-128 were found to be altered in abundance in foetal, adult and Alzheimer hippocampus. Differential expression of miR-125b might be relevant, since the mRNAs of synapsin I and synapsin II are predicted to be miR-125b targets. Consequently, one might hypothesize that miR-125b up-regulation could lead to synapsin down-regulation, thereby contributing to the development of AD.

### Triplet repeat expansion disorders

Triplet repeat expansion disorders are a subset of genetic disorders caused by an abnormally increased number of trinucleotide repeats (*e.g.* glutamine repeats). The pathogenic expansion leads to protein accumulation and progressive neuronal loss. A link between miRNAs and polyglutamine-induced neurodegeneration has recently been discovered for Fragile X syndrome and Spinocerebellar ataxia type 3.

#### Fragile X mental retardation syndrome

The role of the miRNA pathway in Fragile X syndrome (FXS) has been increasingly recognized within the last years. FXS is the most common form of inherited mental retardation, affecting 1:2000 males and about half as many females \[[@b79]\]. It is characterized by cognitive and behavioural impairments and caused by mutations in the gene encoding fragile X mental retardation protein (FMRP) \[[@b80]\]. Most of the patients display a trinucleotide (CGG) repeat expansion of \>200 repeats in the 5'-UTR, causing hypermethylation and gene silencing \[[@b81]\]. FMRP is an RNA-binding protein and part of the RISC multi-protein complex \[[@b82]\]. In neurons, FMRP and other RISC components are found in the somatodendritic compartment. FMRP regulates the translation of dendritic mRNAs and is proposed to be involved in the local regulation of protein synthesis at synapses \[[@b85]\]. Therefore, FMRP could exert its effect on translation, at least in part, by recruiting miRNAs and the associated RISC complex to the respective target mRNAs. Loss of function of FMRP impairs the translation of synaptic proteins, resulting in an aberrant density and morphology of dendritic spines in mouse models and FXS patients \[[@b86]\]. Intriguingly, these alterations in spine morphology are similar to those observed upon miR-134 overexpression or Limk1 deficiency \[[@b87]\]. This finding suggests a connection between FXS and perturbed translation of miRNA targets, such as Limk1 ([Fig. 1](#fig01){ref-type="fig"}).

#### Spinocerebellar ataxia type 3

Spinocerebellar ataxia type 3 (SCA3) is a human polyglutamine disease caused by mutations in the gene encoding Ataxin-3, resulting in progressive dysfunction of the cerebellum \[[@b88]\]. In flies, expression of pathogenic Ataxin-3 leads to a partial loss of neurons \[[@b89]\]. Intriguingly, this SCA3-induced neurodegeneration was strongly enhanced when miRNA production was abolished due to a Dicer loss-of-function allele. A genetic suppressor screen subsequently identified the miRNA bantam as suppressor of SCA3 toxicity. An RNAi-mediated knockdown of Dicer in HeLa cells also increased the SCA3-induced toxicity, suggesting that the results from the fly model might also be relevant for human pathology.

Cancer in the CNS
-----------------

Several findings indicate a role of the miRNA pathway in the development of different forms of cancers \[[@b90]\]. Interestingly, it was found that miRNA expression patterns of cancer cells represent a unique molecular fingerprint, which might be useful for the diagnosis or even prognosis of certain malignancies \[[@b93]\]. In the context of the CNS, microarray analyses identified a set of miRNAs whose expression correlates with the appearance of a glioblas-toma phenotype \[[@b95]\]. More specifically, overexpression of miR-21 was observed in human glioblastoma tumour tissues and several glioblastoma cell lines \[[@b96]\]. Interestingly, miR-21 seems to play a critical role in various solid tumours \[[@b97]\] and it was shown to regulate the expression of several tumour suppressor genes. Inhibition of miR-21 in a glioblastoma cell line using antisense oligonucleotides resulted in increased apoptosis, suggesting that miR-21 might block the expression of apoptosis-related genes and thereby promote transformation \[[@b96]\]. Anyhow, these results suggest that miRNAs such as miR-21 might represent attractive drug targets for the treatment of CNS cancers.

Genomic imprinting
------------------

Genomic imprinting is defined as the mechanism whereby a certain genetic region on one parental chromosome is expressed differently from the same locus on the other chromosome. Intriguingly, deregulation of imprinted genes was reported to be associated with nervous system defects, such as those observed in Prader-Willi and Angelman syndromes \[[@b98]\]. A non-neuronal example for an association between altered imprinting and a disease is the Callipyge phenotype, a form of muscular hypertrophy. Deregulated gene expression at the Dlk1-Gtl2 domain seems to be the cause for this disorder \[[@b99]\]. Remarkably, a large miRNA cluster encompassing miR-134 is located nearby and it was demonstrated that miRNAs from this cluster are imprinted as well \[[@b100]\]. Since small non-coding RNAs can mediate gene silencing, for example through DNA methylation, the nearby located miRNAs might help to establish the imprinting status of the Dlk1-Gtl2 locus. Whether deregulated expression of this domain has also consequences for neuronal development has not been clarified so far.

Diagnostic and therapeutic perspectives
=======================================

As discussed, multiple lines of evidence point to a widespread involvement of miRNAs in various neurological diseases ([Table 1](#tbl1){ref-type="table"}). Current and future large-scale expression studies of miRNAs in CNS diseases promise to identify additional miRNAs that are relevant for these pathologies. In addition, the mapping and closer analysis of genetic loci linked to neurologic disorders might yield a deeper insight into the contribution of miRNAs to the pathogenic phenotype. Especially mutations in the genetic regions encoding miRNAs or in the miRNA binding sites in the 3'-UTR of the target mRNA could contribute to neurologic disorders. Interfering with miRNA function might represent a promising therapeutical approach to restore physiological levels of critical miRNA targets. There are different tools available to block endogenous miRNAs or deliver exogenous miRNAs. *In vivo* silencing of miRNAs can be achieved by application of antisense oligonucleotides complementary to the miRNA sequence, such as LNA-antimiRs or 2'-O-methyl-antagomirs. In zebrafish, morpholino antisense oligonu-cleotides have been successfully used to inhibit miRNA function *in vivo*\[[@b101]\]. In mice, systematic injection of antagomirs in non-neuronal tissues as well as local injection into the cortex yielded promising results \[[@b102]\]. In a recent study, it was demonstrated that LNA-antimiRs can safely and efficiently silence a miRNA in non-human primates \[[@b103]\]. A systemically delivered LNA against the liver-specific miR-122 could readily enter the liver and antagonize the miRNA *in situ*. miR-122 depletion was accompanied by a dose-dependent lowering of plasma cholesterol, with no evidence of adverse toxicity. This result lays the foundation for the development of a novel class of therapeutics capable of silencing disease-related miRNAs. Furthermore, RNAi-mediated knockdown of miRNA precursors also represents a useful approach to inhibit a specific miRNA. However, the presence of the blood-brain barrier might impede the efficient delivery of oligonucleotides to the CNS. Nevertheless, it was shown that transvascular delivery of small interfering RNAs to the brain can be achieved using a rabies virus peptide, which specifically binds to neuronal cells \[[@b104]\]. It is conceivable that a similar modification could allow antimiRs and antagomirs to enter the brain. Recently, 'miRNA sponges\' have been added to the repertoire of miRNA inhibitors \[[@b105]\]. A miRNA sponge is a plasmid encoding a transcript that contains multiple binding sites for a given miRNA in its 3'-UTR. Expression of the transcript allows to 'soak up' the miRNA, thereby relieving its endogenous targets from miRNA-dependent expression control. This new tool offers several advantages, such as the possibility to express the inhibitor in conjunction with reporter genes. In addition, the expression of sponges from stably integrated trans-genes *in vivo* could expand the scope of antisense miRNA inhibitors and might reveal the function of a specific miRNA on the organismic level.

###### 

Hypothetic link of miRNAs to neurologic diseases

  Neurologic disease     MiRNA                                         Reference
  ---------------------- --------------------------------------------- ------------
  Tourette\'s syndrome   miR-189                                       \[[@b60]\]
  Williams syndrome      miR-134                                       \[[@b68]\]
  Rett syndrome          miR-132                                       \[[@b71]\]
  Parkinson\'s disease   miR-133b                                      \[[@b32]\]
  Alzheimer\'s disease   miR-107; miR-9, miR-124a, miR-125b, miR-128   \[[@b75]\]

Conclusion
==========

miRNA research is a rapidly changing new field and the surprising finding that specific miRNAs can up-regulate translation \[[@b24]\] even fuels the ongoing controversies about the different modes of miRNA regulation. This reminds us that our current knowledge of these small RNAs covers, if at all, just the tip of the iceberg. Especially miRNA-mediated translation at the synapse represents a promising new field of research. How do miRNAs affect synap-tic plasticity and thereby contribute to higher cognitive functions? How do dendritic miRNAs reach their final destination to regulate local protein synthesis at the synapse? Why do neurons need such a complex method of restricting the translation of particular mRNAs to a certain subcellular compartment? Obviously, this kind of regulation allows a precise response. The mRNA is already located, and when needed, the functional protein can be quickly expressed by a relief of the miRNA-mediated repression upon synaptic activation. Whereas signal transmission from the activated synapse to the nucleus and subsequent protein synthesis and transport along the dendrite is rather time-consuming, synaptodendritic miRNAs allow a fast and precise regulation directly at the synapse. Examining the mechanisms whereby the expression of dendritic miRNAs is regulated and whereby they are localized to their site of function promises to contribute to a better understanding of activity-dependent control of local protein synthesis at synaptic sites, a process important for synaptic plasticity, learning and memory. It is reasonable to assume that future investigations concerning the function of neuronal miRNAs will expand our knowledge about the complex regulatory networks in the brain and might allow us to invent additional strategies for the treatment of neurologic diseases.
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